One of the primary challenges in the field of psychiatric genetics is the lack of an in vivo model system in which to functionally validate candidate neuropsychiatric risk genes (NRGs) in a rapid and cost-effective manner 1-3 . To overcome this obstacle, we performed a candidate-based RNAi screen in which C. elegans orthologs of human NRGs were assayed for dendritic arborization and cell specification defects using C. elegans PVD neurons. Of 66 NRGs, identified via exome sequencing of autism (ASD) 4 or schizophrenia (SCZ) 5-9 probands and whose mutations are de novo and predicted to result in a complete or partial loss of protein function, the C. elegans orthologs of 7
Introduction
Neuropsychiatric disorders are a group of complex and heterogeneous mental disorders that greatly contribute to human morbidity, mortality, and long-term disability 1, 11 .
Although the genetic architecture of neuropsychiatric disorders, such as schizophrenia, bipolar depression, and autism has been, to varying degrees, refractive to linkage and candidate-gene association studies 11 , recent advances in genomic technologies have paved the way for higher-resolution studies that have identified specific genomic regions or candidate genes that may play key roles in the etiology of these syndromes.
Although these approaches, namely common-variant association studies (CVAS) [12] [13] [14] , studies of copy number variation (CNV) 15 , and exome sequencing 4, 5, 8, 16 , have made significant progress toward the identification of DNA sequence variation that may be causal to these disease states, the inability to functionally validate these candidate neuropsychiatric risk genes (NRGs), or model how distinct mutations in these genes impact pathology, has proven prohibitively challenging. This limitation is in striking contrast to other complex diseases, such as cancer or heart disease, where modelorganism-based studies have played pivotal roles in gene discovery and validation pipelines, and, ultimately, the development of highly-effective therapeutics. The development of model-organism-based models for studying neuropsychiatric disease, whereby genetic and functional studies could be performed, would enable published and future genomics level data to be leveraged to its full potential.
Because of its inherent simplicity, the C. elegans nervous system is an optimal system to perform in-vivo functional studies. Its nervous system, which contains approximately 300 neurons, has been fully mapped and is invariant between animals 17 . Notably, anatomical studies of the PVD neuron 10, [18] [19] [20] [21] [22] , a sensory neuron that responds to harsh mechanical stimuli 23 and cold temperature 24 , reveal a highly elaborate dendritic arborization pattern that forms a web-like pattern over the majority of the animal. The size and complexity of this neuron has opened the door for detailed studies aimed at revealing the mechanisms underlying the proper development of cell-type-specific dendritic arborization patterns and neuronal development, in general. Accordingly, given that a number of identified NRGs are likely neuronally expressed 3, 25 , and recent evidence which suggests a role for defective synaptic and/or dendritic morphology in neuropsychiatric disorders 26, 27 , we used the C. elegans PVD neurons as an emerging model in which to carry out in-vivo RNAi and genetic studies aimed at revealing the molecular underpinnings of two neuropsychiatric syndromes, autism (ASD) and schizophrenia (SCZ).
In this study, we retrieved 66 NRGs from a literature-based search for ASD-4 or SCZassociated [5] [6] [7] [8] [9] risk genes.
These NRGs were initially identified via the exome sequencing of affected probands, and mutations within these NRGs were classified as de novo and predicted to result in a complete or partial loss of protein function. We find that RNAi knockdown of the C. elegans orthologs of 7 NRGs resulted in dendritic arborization and/or cell-fate specification defects. We subsequently extended our RNAi studies to include an additional subset of 14 synaptic network-associated (SYN-NET)
NRGs, identified via the exome sequencing of SCZ probands and which harbored de novo missense mutations that were undefined in terms of impact on protein function 5 .
Collectively, 50 of 80 ASD or SCZ NRGs retrieved from our literature-based search were matched with ≥1 C. elegans ortholog, and, in total, the orthologs of 9 of 50 NRGs queried were found to be required for proper PVD cell-fate specification or dendritic arborization. In addition to showing that genetic mutant alleles of a subset of these positive hits phenocopy the observed RNAi-associated defects, we conduct genetic interaction studies which reveal that the cytoskeleton-associated adaptor, unc-44 5, 7 NRGs that harbor nonsense, splice-site, or frameshift mutations in ≥ 2 affected probands. Because so few rLGD targets have been identified in schizophrenia, we sought to also query a number of schizophrenia-associated NRGs that did not explicitly fit into the above, restrictive criteria. One of the additional categories, called recurrent damaging Non-Synonymous (rdNS) ( Supplementary Tables 1 and 3 Table 6 ) and 40 SCZ-associated (Supplementary Table 7) candidate NRGs whose mutations were predicted (by ≥ 1 algorithm) to eliminate or reduce protein function ( Fig. 1a ).
Of the 66 nonoverlapping ASD-and SCZ-associated NRGs harboring predicted deleterious mutations ( Fig. 1a , Supplementary Tables 6 and 7) , 41 (62%) were identified as having ≥ 1 C. elegans ortholog [35] [36] [37] . These 41 NRGs were then matched to a total of 43 C. elegans orthologs through the use of the InParanoid orthology database (see methods). In total, the C. elegans orthologs of 7 NRGs (Fig. 1a-e and   Supplementary Tables 2-5) were found, via RNAi, to be required for two critical aspects of PVD neuronal development: cell fate specification (1 NRG) and dendritic morphogenesis (6 NRGs). We calculated the enrichment of PVD phenotypes associated with our NRG set in two ways. First, as compared to a recently published large-scale RNAi screen of C. elegans chromosome IV 10 , in which 2298 C. elegans genes were assayed for a role in PVD dendritic morphogenesis, our hit rate of 13.95%
(n=6/43) represents a >60-fold enrichment as compared to the hit rate of 0.22% (n=5/2298) associated with unbiased, large-scale RNAi screening ( Fig. 1f ). As a second metric, we calculated the number of direct human orthologs that are present on chromosome IV and determined that the previously published, unbiased screen assayed a total of 534 orthologous gene pairs. These numbers indicate that the NRG set is enriched >14-fold for phenotypes associated with altered neuronal architecture ( Fig. 1f ).
Notably, although mutations within SYN-NET MIS candidate NRGs are predicted to produce an amino acid change within the encoded protein, these mutations are undefined in terms of whether they are damaging, or broadly damaging, by ≥ 1 algorithm. Therefore, this variant category was not included in the overall hit rate or the enrichment calculation.
PVD neurons: An assay system to identify NRG-associated perturbations in dendritic patterning and cell fate specification. Based on evidence linking defects in neuronal morphology to neuropsychiatric disorders 26, 27, 38 , as well as technical limitations associated with conducting in vivo neuronal phenotypic screens in higher-order animal models, we reasoned that the use of the genetically tractable C. elegans, the only organism whose complete neuronal wiring diagram has been anatomically mapped 17, 39 , would be an ideal system in which to elucidate the contribution of NRG orthologs to neuronal development. Specifically, we chose the PVD neurons, the most highlybranched neurons in C. elegans, as a triage platform for conducting in vivo RNAi screening of NRG orthologs. PVD neurons are a pair of bilaterally symmetric nociceptive neurons that are born at the L2 larval stage 40 . As development proceeds through three larval stages (L2, L3, L4) to the adult stage, primary, secondary, tertiary, and quaternary dendrites are sequentially elaborated at perpendicular angles to one other ( Fig. 2a ,b,e), giving rise to repeated "menorah" structures that envelop the body of the adult animal [18] [19] [20] [21] [22] (Fig. 2a ). This complex dendritic arborization pattern is in contrast to the simple, unbranched morphology that characterizes the majority of C. elegans neurons 17 , and is a unique and advantageous property that allows for the ready identification of dendritic hyperbranching, hypobranching, and self-avoidance phenotypes associated with the loss of NRG ortholog function.
We find that the orthologs of six candidate NRGs play a key role in proper PVD dendritic arbor development. The RNAi knockdown of three NRG orthologs, daf-21, Y51A2D.7, and hsp-1, results in the hyperbranching of secondary, tertiary, and/or quaternary dendrites ( Fig. 2c,d,f and Supplementary Tables 3-5 ). In contrast to a hyperbranching phenotype, animals treated with either set-16 or unc-44 dsRNA 10 exhibit hypobranching of quaternary dendrites and/or reduced quaternary dendrite extension anterior to the PVD cell body (Figure 2g and Supplementary Tables 2 and 4 ). Interestingly, RNAi depletion of an NRG ortholog may also lead to a mixture of dendritic arborization phenotypes. For example, we find that RNAi knockdown of let-526 results primarily in a hyperbranching of secondary and tertiary dendrites as well as the misguidance of quaternary dendrites into the hypodermal region, a lateral region that lies between the dorsal and ventral hypodermal/muscle borders (Supplementary Table 2 ). Other phenotypes that may arise in a minority of let-526(RNAi) animals include either dendritic disorganization with defects in self-avoidance or hypobranching of quaternary dendrites (Supplementary Table 2 ). In addition to dendritic arborization phenotypes, we also identified a single NRG ortholog, pop-1, whose RNAi knockdown results in a PVD cell specification defect. In wild-type animals, PVD neurons are derived from the V5 lineage, specifically the V5.pa lineage branch, through a series of repeated cell divisions that take place during the L2 larval stage (Fig. 2h ). In pop-1(RNAi) animals, defective PVD cell specification leads to supernumerary PVD cells bodies (Fig. 2i ). In addition, animals depleted of pop-1 exhibit dendritic hyperbranching and impaired dendritic selfavoidance ( Fig. 2i ). Notably, in contrast to the single ventrally-directed PVD axon seen in wild-type animals, pop-1(RNAi) animals exhibit multiple ventrally-directed axons ( Fig.   2i ), suggesting that a partial overlay of PVD dendritic arbors may account for the dendritic hyperbranching and self-avoidance defects. In sum, these findings indicate that NRGs may play functionally distinct roles in controlling developmentally-regulated dendritic arborization and that C. elegans PVD neurons can serve as an effective in vivo triage platform for screening orthologs of candidate NRGs.
Depletion of NRG orthologs in an RNAi hypersensitive background reveals
additional NRGs that disrupt dendritic arborization. Although PVD neurons in wild-type animals are amenable to RNAi, previous work has shown that the use of RNAi hypersensitive strains to target neuronally-expressed genes enhances RNAi knockdown efficiency 29, [41] [42] [43] . Accordingly, to complement our RNAi studies in wild-type animals, and potentially identify additional NRG orthologs required for dendritic patterning, we conducted RNAi screening in the nre-1(hd20) lin15b(hd126) 29 RNAi hypersensitive background. To conduct these experiments, we focused our screening efforts on the candidate NRGs that comprise the SYN-NET LGD and SYN-NET MIS variant categories.
Through the use of the RNAi hypersensitive strain, we find that the orthologs of two additional candidate NRGs, YWHAZ and GIT1, are required for proper PVD dendritic arborization ( Fig. 3a,d,e and Supplementary Table 8 ). YWHAZ and GIT1 are represented by three C. elegans orthologs, and RNAi knockdown of each results in hyperbranching in the hypodermal region with the phenotypes of par-5 (YWHAZ) (Fig.   3a,d) and ftt-2 (YWHAZ) (Fig. 3a,e ) being more penetrant and severe as compared to git-1 (GIT1) (Fig. 3a) . In addition, we find that depletion of two candidate NRG orthologs, daf-21 (HSP90AA1) and hsp-1 (HSPA8), leads to a more severe phenotype when knocked down in the nre-1(hd20) lin15b(hd126) background as compared to the wild-type strain ( Fig. 3a and Supplementary Table 8 ). Specifically, daf-21 or hsp-1
RNAi in the RNAi hypersensitive background results in embyronic lethality (Emb) rather than the dendritic arborization phenotypes observed in wild-type animals, demonstrating the utility of using both wild-type and RNAi hypersensitive strains for NRG ortholog screening. This point is further illustrated when comparing the RNAi hit rate of 15.4%
(n=2/13) when using wild-type animals alone (Fig. 3b ) versus 38.5% (n=5/13) when using a combination of the wild-type strain and the nre-1(hd20) lin15b(hd126) RNAi hypersensitive strain (Fig. 3b ). In assessing where SYN-NET LGD and SYN-NET MISassociated positive hits were predicted to function within the postsynaptic terminal 5 (Fig.   3c ), we find that YWHAZ acts as a central hub that links the NMDA and AMPA pathways, with HSP90AA1 and HSPA8 operating directly upstream and downstream of YWHAZ, respectively (Fig. 3c ). In addition, GIT1 is a predicted NMDA pathway component and operates in a distinct, alternate pathway within the postsynaptic terminal ( Fig. 3c ). This mutation leads to either the removal of the initiating methionine (isoform A) or to a frameshift (isoforms C and D) and is therefore thought to eliminate their function. As with RNAi-induced depletion of let-526 (Supplementary Table 2 ), homozygous let-526(gk816) animals exhibit a variety of PVD architectural defects, including hyperbranching, hypobranching, and dendritic arbor disorganization (Fig. 4a,b) .
Genetic mutants of NRG orthologs phenocopy the
Specifically, 22.2% of animals harboring the gk816 allele exhibit PVD dendritic arbor disorganization (Fig. 4b ), 38.9% exhibit dendritic arbor disorganization in combination with hyperbranching and/or hypobranching (Fig. 4b) , and 16.7% display dendritic hypobranching alone (Fig. 4b) . Interestingly, although let-526(RNAi) and gk816 animals exhibit the same classes of dendritic defects, the penetrance of these phenotypes is markedly different, with let-526(RNAi) animals primarily exhibiting hyperbranching in the hypodermal region while let-526(gk816) mutant animals largely exhibit dendritic arbor disorganization that may be accompanied by hyperbranching and/or hypobranching.
In addition to validating the RNAi phenotype of let-526, whose human ortholog, ARID1B, has been shown to be a global transcriptional regulator, we also sought to validate RNAi phenotypes associated with orthologs of candidate NRGs that encode cytoskeletal proteins, a class that is directly involved in intracellular organization and transport and one that plays a critical role in cell-cell communication. Among the list of candidate NRGs surveyed in our study, the C. elegans ortholog of the cytoskeletonassociated NRG, ANK2, was identified in a previous large-scale RNAi study of ours 10 as being a novel regulator of PVD dendritic arborization. The C. elegans ortholog of ANK2, unc-44, encodes a set of ankyrin-like proteins 47 that play key roles in axon outgrowth and guidance [48] [49] [50] , neuronal positioning 51 , and axon-dendrite trafficking 52 . Consistent with our previous unc-44 RNAi findings, we find that animals harboring either the unc-44(e1260) or unc-44(e362) putative loss-of-function alleles exhibit PVD dendritic hypobranching. In genetic mutant animals, however, the penetrance and severity of the hypobranching phenotype is increased (Fig. 4c,d) , and, in addition, an early termination (ET) of the primary dendrite, or a combination of the two phenotypes, is prevalent ( Fig.   4d ). In contrast to a selective loss of PVD quaternary dendrites in 20% (n=115) of unc-44(RNAi) animals 10 ( Fig. 1b and Supplementary Table 2 ), 33.3% (n=14/42) ( Fig. 4d ) of unc-44(e1260) adult-staged animals exhibit a decrease in PVD dendrite branching anterior to the PVD cell body, with 57% (n=8/14) of this cohort exhibiting a complete loss of secondary, tertiary, and quaternary dendrites in the distal region (anterior to the vulva) of the PVD arbor. We also find that an additional 11.9% (n=5/42) ( Fig. 4d ) exhibit both dendritic hypobranching distal to the PVD cell body and early termination of the primary anterior and/or posterior dendrite, while 45.2% (n=19/42) ( Fig. 4d ) exhibit early termination of the primary dendrite alone (n=18/19, ET of primary anterior dendrite; n=1/19, ET of primary anterior and posterior dendrite). Furthermore, we find that a small percentage of animals (4.8%, n=2/42) exhibit either dendritic hyperbranching or a combination of hyperbranching and early termination of the primary anterior dendrite ( Fig. 4d ). In analyzing genetic mutants harboring the e362 allele, we observed the same range of PVD dendritic arborization phenotypes as those seen in unc- 44(e1260) genetic mutants (data not shown). Interestingly, as compared to our previous report, in which unc-44 RNAi conducted in a wild-type background resulted in hypobranching of quaternary dendrites 10 , we find that animals treated with unc-44 dsRNA in the nre-1(hd20) lin15b(hd126) RNAi hypersensitive background exhibit more penetrant and severe dendritic hypobranching phenotypes ( Supplementary Figure 1 ) that more faithfully recapitulate those observed in unc-44 genetic mutant animals.
Genetic interaction studies reveal that unc-44 (ANK2) is required for SAX-7/MNR-1/DMA-1 signaling. Recent studies have demonstrated that proper PVD dendritic
arborization is dependent on the SAX-7/MNR-1/DMA-1 tripartite ligand-receptor complex 30, 53, 54 , in which DMA-1 functions as a PVD cell-surface receptor 54 for the hypodermally-expressed co-ligands, SAX-7S and MNR-1 30, 53 (Fig. 4e) . Notably, it has been demonstrated that animals harboring a null allele of any component of this ligandreceptor complex exhibit a severe PVD dendritic hypobranching phenotype 30, 53, 54 .
Because unc-44 genetic mutant animals also exhibit a reduced-branching phenotype, we attempted to probe whether unc-44 acts cooperatively with the sax-7/mnr-1/dma-1 complex by depleting mnr-1 in an unc-44(e1260) genetic mutant background. In contrast to 6% (n=2/33) of unc-44(e1260) mutants treated with the L4440 empty RNAi vector (Fig. 4h ), 90% (n=27/30) of mnr-1(RNAi);unc-44(e1260) animals exhibit a severe reduction in higher-order (secondary, tertiary, quaternary) branching in the posterior PVD arbor (tail region) ( Fig. 4g,h) . In addition, the percentage of mnr-1(RNAi);unc-44(e1260) animals (10%, n=3/30) exhibiting a moderate decrease in higher-order branching (Fig. 4h) is markedly reduced as compared to unc-44(e1260) mutants fed L4440 (30%, n=10/33) ( Fig. 4h ), further confirming a shift in the severity of the phenotype. Because 100% (n=20) of wild-type animals treated with mnr-1 dsRNA exhibit a severe decrease in dendritic branching (Fig. 4h ) that is identical to that observed in mnr-1(RNAi);unc-44(e1260) animals, these data demonstrate that mnr-1 is epistatic to unc-44 and suggest that mnr-1 and unc-44 genetically interact to regulate PVD dendritic branch formation.
In order to further test whether unc-44 is required for sax-7/mnr-1/dma-1 signaling, we took advantage of a recently constructed mnr-1 gain-of-function (gof) strain, in which MNR-1 is ectopically expressed in muscle cells while continuing to be expressed in the hypodermis at endogenous levels 30 . Ectopic expression of MNR-1 in this tissue leads to the formation of "baobabs", defective PVD menorahs characterized by highlydisorganized and tangled quaternary dendrites that are directly apposed to the MNR-1expressing muscle cells 30 . We find that unc-44(e1260);mnr-1(gof) animals exhibit a marked reduction of both wild-type menorahs and baobab structures anterior to the vulva (Fig. 4i,j,k) . Quantification of this phenotype reveals that 80% (n=24/30) of mnr-1(gof) animals elaborate ≥ 1 baobab anterior to the vulva, while 20% (n=6/30) are devoid of baobab structures (Fig. 4i,k) . In contrast, 10% (n=2/20) of unc-44(e1260);mnr-1(gof) animals elaborate ≥ 1 baobab anterior to the vulva, while a complete absence of baobabs is observed in 90% (n=18/20) of animals ( Fig. 4j,k) .
These data demonstrate that unc-44 and mnr-1 are genetic interacting partners and provides additional evidence in support of the hypothesis that unc-44 is required for sax-7/mnr-1/dma-1 signaling. All together, these genetic interaction studies serve to underscore the key roles that cytoskeleton-associated proteins, in conjunction with the sax-7/mnr-1/dma-1 ligand-receptor signaling complex, play in PVD dendritic arbor development.
Discussion
It can be easily argued that next generation sequencing technologies will revolutionize progress aimed at understanding complex diseases. While the implementation of genomic sequencing strategies to identify genetic variants associated with ASD and SCZ are timely, a major limitation for harnessing these genomics-level data is the difficulty in modeling ASD or SCZ in model organisms, or in vitro, and integrating candidate NRGs into an existing molecular and/or systems-level framework.
Although murine animal models of monogenic forms of ASD, such as Rett Syndrome (RTT) and Fragile X Syndrome (FX) have successfully identified neuronal phenotypes associated with the loss of Mecp2 (RTT) or Fmr1 (FX), these monogenic forms of ASD lie squarely in the minority, with ASD and SCZ being largely regarded as not only polygenic, but also multifactorial. Importantly, the sheer number of ASD-or SCZassociated variants, identified through high-throughput sequencing technologies, makes the issue of prioritizing, validating, and characterizing candidate NRGs via higher-order animal models a major bottleneck. Moreover, there are additional pertinent challenges to utilizing higher-order animal models to study the neurobiological mechanisms of neuropsychiatric disease, including the extraordinary complexity of neuronal connectivity patterns, a lack of neuronal cell type-specific markers that have the ability of track neuronal subtypes throughout animal development, and substantial technical difficulties, particularly in terms of animal viability, in generating single-and multi-gene knockout models aimed at characterizing and ordering genes within genetic pathways.
In recent years, a novel approach for modeling human disease in vitro, namely cellular programming and reprogramming technology (CPART), was pioneered 55, 56 , and recent studies have demonstrated its potential for modeling psychiatric disease. Neuronal cell types generated from the differentiation of human induced pluripotent stem cells [57] [58] [59] (hiPSC) or from the direct conversion of somatic cells (iNeurons) [60] [61] [62] can be used to Given that the modeling of psychiatric disease in higher-order organisms is extremely challenging, we propose the use of C. elegans PVD neurons as an alternate in vivo platform for functionally validating and characterizing candidate NRGs. The use of C.
elegans is ideal for a number of reasons, including 1) its nervous system is simple, containing ~300 neurons, and hard-wired, meaning that neuronal cell position and connectivity are unchanged from animal to animal, 2) due to its transparency, individual neurons and neuronal circuitry can be visualized in vivo, and throughout development, through the use of fluorescent transgenic reporters, and 3) it is a powerful genetic model organism in which genetic screens and interaction studies can be used to correlate phenotype to genotype and organize genes within a biological pathway. In addition to C. elegans being a rapid, scalable, and inexpensive platform, we reasoned that this combination of attributes, would enable ASD-and SCZ-associated candidate NRGs to be studied in a systematic manner.
As a proof-of-concept, we used candidate-based RNAi screens to query a list of published candidate NRGs identified via exome sequencing and implicated in ASD 4 or SCZ [5] [6] [7] [8] [9] . We find that RNAi knockdown of the C. elegans orthologs of 9 NRGs, spanning all mutational classes defined in this study, resulted in defective PVD dendritic arborization or cell fate specification. Of these 9 NRGs, three are linked to ASD (ARID1B, ANK2, TCF7L2), while six are SCZ-associated (HSP90AA1, HSPA8, INTS5, MLL2, YWHAZ, GIT1). Notably, the variety of phenotypes that were encountered, including dendritic hyperbranching, hypobranching, disorganization, and cell fate specification defects, highlight the utility of PVD neurons as a triage system for assaying the role of candidate NRGs in neuronal development. In addition, we demonstrate that genetic mutants animals harboring mutations in either let-526 (ARID1B) or unc-44 (ANK2) phenocopy the observed RNAi defects, and we use genetic interaction studies to show that unc-44 (ANK2), a cytoskeleton-associated protein, is required for SAX- HSP90AA1  INTS5  ARID1B  HSPA8  DLG2  KATNAL2  PHF2  RIMS1  TCF7L2   TRAPPC9  ANK2  LRP5  CHD8  AP3D1  MYH9  GRIN2B  UNC13A  LPHN2   ACTN1  TBR1  XPNPEP1  GIT1  KIF1A  TAF13  SLC4A8  PIK3C2B  CHD2   VPS13D  CACNA1L  HUWE1  PLEKHH2  GNB2  NIPAL3  DYRK1A  RYR3  LAMA2 Human Candidate Risk Genes GTCAGTCGATCGATCGCTGCTCGCTCGTCGGCTATAT TTTCAAATGCGCTCGGCTCTCGAGATCCCCAGC GATCTCGACAGAAAATCCCCCGTTGGCTCG
